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The Paleocene-Eocene boundary (55.8 Ma) is associated with the Paleocene-Eocene 
Thermal Maximum (PETM), which is characterized by a negative Carbon Isotope Excursion 
(CIE), reflecting a major perturbation of the carbon cycle, and by an extreme and rapid global 
warming. The Cap d’Ailly area (Upper Normandy, France), in which previous studies have 
revealed the Paleocene-Eocene transition, is a reference locality for organic-rich terrestrial 
and lagoonal deposits of the ―Sparnacian‖ stage, widespread in Northwestern Europe. In this 
study, we focus on the organic matter content of the Vasterival section. Organic data (Rock-
Eval, palynofacies, biomarker analyses and compound specific isotope analyses) were 
acquired in order to constrain the paleoenvironmental and paleohydrological changes that 
occurred at the Paleocene-Eocene boundary. Stable carbon isotope compositions of higher 
plant leaf wax n-alkanes reveal a CIE of -4.5 ‰, extending throughout the second half of the 
studied section. Palynofacies observations reveal: (i) an abrupt shift from a closed, quiescent 
marsh pond to an open eutrophic swamp subjected to algal blooms, concomitant with the 
onset of the CIE; and (ii) the evolution from a swamp to a tidal flat due to the marine 
transgression that occurred during the PETM. Higher plant biomarkers and their hydrogen 
isotopic composition compared to nitrogen analyses suggest: (i) dry episodes just before the 
PETM that may help to understand the triggering of this hyperthermal event; (ii) a moister 
climate associated with a stronger seasonality during the early PETM.  
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The Paleocene-Eocene Thermal Maximum (PETM), one of the most abrupt climatic events 
of the Cenozoic, was a period of extreme (4-8°C) and short-lived (160 – 210 kyr) warming 
that had significant consequences on marine and terrestrial environments (e.g. Kennett and 
Stott, 1991; Koch et al., 1992; Zachos et al., 2003; Sluijs et al., 2006; Röhl et al. 2007; 
Westerhold et al., 2008; Murphy et al., 2010; McInerney and Wing, 2011). In the marine 
realm, the PETM is associated with a rise in sea surface temperatures of up to 8°C (Kennett 
and Stott, 1991; Zachos et al., 2001), global proliferation of subtropical dinoflagellates 
Apectodinium (Bujak and Brinkhuis, 1998; Crouch et al., 2003; Aubry et al., 2007), a mass 
extinction of benthic foraminifera (Kennett and Stott, 1991), and deep ocean acidification 
(Zachos et al., 2005). On land, it coincides with a change in plant community pattern (Wing et 
al., 2005), the appearance of modern mammalian orders (Gingerich 1989, 2006), and 
intercontinental mammal migrations (Smith et al., 2006). 
The PETM is further characterized by a global and abrupt drop (-2.5 to -6 ‰) in δ13C values 
followed by a gradual recovery to initial values (Kennett and Stott, 1991; Aubry et al., 2007; 
McInerney and Wing, 2011; Storme et al., 2012a). This Carbon Isotope Excursion (CIE) is 
recorded in both marine and terrestrial sediments (Koch et al., 1992; Thiry and Dupuis, 1998; 
Zachos et al., 2001; Magioncalda et al., 2004; Aubry et al., 2007) and seems to be the result 
of a rapid and massive injection of isotopically light carbon into the ocean–atmosphere 
system (Kennett and Stott, 1991). Several sources have been suggested for this light carbon, 
such as methane clathrates (Dickens et al., 1995; 1997), organic matter desiccation and 
oxidation due to the uplift of epicontinental seas (Gavrilov et al., 1997; Higgins and Schrag, 
2006), injection of basaltic sills into organic-rich sediments (Svensen et al., 2004, 2010), and 
burning of large peatlands (Moore and Kurtz, 2008). 
Only a few PETM terrestrial sections have been studied until now. The most famous sections 
are located in the Bighorn Basin (Wyoming) and have been investigated by paleontological 
(Gingerich, 1989, 2006; Wing et al., 2005), isotopic (Koch et al., 1992; Magioncalda et al., 
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2004; Yans et al., 2006), molecular (Smith et al., 2007), and sedimentological studies (Koch 
et al., 1992; Magioncalda et al., 2004; Kraus and Riggins, 2007; Smith et al. 2008). To our 
knowledge, this is the only example of basin scale multi analyses of the impact of the PETM 
in terrestrial settings. This scarcity of regional and multidisciplinary studies in terrestrial 
environments hampers our understanding of the regional consequences of such a global 
climatic crisis. 
In Northwestern Europe, Lower Paleogene terrestrial to lagoonal successions are recognized 
in the Paris and in the Dieppe-Hampshire Basins, among others. These deposits belong to 
the ―Sparnacian‖ stage and are well known for their high content in organic matter (OM; 
Aubry et al., 2005). In the easternmost part of the Dieppe-Hampshire Basin, several 
Paleocene/Eocene (P-E) sections are scattered along the cliffs of the ―Côte d’Albâtre‖ (Upper 
Normandy; Fig. 1). These outcrops are well exposed, are continuously renewed by erosion 
and exhibit sediments with well-preserved OM. Furthermore, their central location with 
respect to the sub-basins of the North Sea Basin makes them reference sections for 
northwestern European terrestrial-shallow marine P-E deposits (Magioncalda et al., 2001; 
Aubry et al., 2005; Smith et al., 2011; Storme et al., 2012b). 
In this paper, we present a multi-proxy study of the OM from the Vasterival locality, a key 
section of the Dieppe-Hampshire Basin in which the CIE onset has already been described 
(Sinha, 1997; Thiry and Dupuis, 1998; Magioncalda et al., 2001; Storme et al., 2012b).  
n-alkane δ13C was used to constrain the extent of the CIE. Palynofacies observations 
provided data on the high-scale evolution of the depositional environment during the 
beginning of the PETM. The relative abundances of n-alkanes allowed evaluation of changes 
in vegetation composition. Paleohydrological changes were constrained by n-alkane δD, 
substantiated by the δD of onocerane I, an unusual higher plant biomarker (Pearson and 
Obaje, 1999; Jacob et al., 2004). These results were then compared to climatic changes 
observed in PETM sites of low (Handley et al., 2012), mid (Secord et al., 2010; Handley et 
al., 2011) and high latitudes (Pagani et al., 2006). Moreover, the timing of these changes was 
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compared to that of the CIE in order to determine whether climatic and environmental 
changes preceded or followed the mass injection of greenhouse gases into the ocean-
atmosphere system, Finally, all the integrated data reported here unravel how a mid-latitude-
swamp-environment responded to a global climate change. 
2. Site description 
The Vasterival section is located along the ―Côte d’Albâtre‖, a few kilometers west of Dieppe 
(Fig. 1). It is a 2m thick section that encompasses the lignite complex (L1) of the composite 
section of the Cap d’Ailly area (Fig. 2). The L1 is part of the ―Sparnacian‖ Mortemer 
Formation (Dupuis and Steurbaut, 1987; Dupuis et al., 1998; Magioncalda et al., 2001; Aubry 
et al., 2005), which comprises (from the bottom to the top): fluvial sands and sandstones 
(―Sables et Grès du Pays de Caux‖ Member, SP1; Fig. 2), lacustrine limestones and marls of 
the Peckichara disermas charophyte zone, paleosols and the 1m-thick L1 (―Calcaires, 
marnes et lignites (L1) du Cap d’Ailly‖ Member, SP2; Fig. 2) that contains a freshwater 
association of mollusks rich in Unio wateleti (Bignot, 1965; Dupuis et al., 1998; Magioncalda 
et al., 2001). The ―Sables et Argiles à Ostracodes et Mollusques‖ Member (SAOM), 
belonging to the Soissonnais Formation (SP3 and SP4), is locally delimited from the L1 by an 
erosive base (Fig. 2). These brackish-marine deposits are composed of an alternation of 
sands, silts and clays with variable amounts of mollusk shells forming regular coquina beds 
(Dupuis et al., 1998). The lower part of this member crops out in the Vasterival section (Fig. 
3).   
The Vasterival outcrop is ca. 2 m high and is continuously refreshed by a stream of water. In 
this section, the lignite complex L1 comprises a succession of five multicentimeter-scale 
lignite beds (Lb1 to Lb5), interstratified within more or less OM-rich silt and clay beds (Fig. 3). 
Three clay beds exhibit root traces (levels Rb1 to Rb3; Fig. 3), and the other two present 
carbonate nodules of up to 15 cm in length (levels Nb1 and Nb2; Fig. 3). The other clay beds 
are labeled Cb1 to Cb3. Unio shells are reported between 60 cm and 1 m above the base of 
6 
 
the section. Recently, Storme et al. (2012b) confirmed the presence of the CIE onset in 
Vasterival, which begins at 98 cm (Fig. 3).  
Before sampling operations, the outcrop was refreshed by removing the superficial layer (5 to 
10 cm) with shovel and spade. A continuous sampling of the section was obtained by 
collecting a series of blocks (10 cm-high and 5 cm-thick). Each sample was then carefully 
placed in aluminum foil immediately after being collected. Before analyses, the outer rim (0.5 
to 1 cm) of every sample was removed in order to minimize contamination. 
 
3. Methods 
3.1. Palynofacies analyses 
30 samples were crushed, oven dried and treated with HCl and HF to remove the mineral 
matrix. In order to have the most representative views of the total OM, no other treatments 
were performed for palynofacies observations. These observations carried out with an 
Axioplan2 Imaging Zeiss microscope under transmitted light and under UV excitation (Zeiss 
HBO 100 Microscope Illuminating System, mercury short-arc lamp). Over 2000 surface units 
per sample were counted to estimate the relative proportion of each organic fraction. The 
counting was considered to be relevant for a counting surface that corresponds to at least 
500 counted particles per sample. Three main groups of particles were discriminated. A 
palynomaceral group is composed of phytoclasts. It is subdivided into brown wood, cuticles, 
black phytoclasts and charcoal (see Batten, 1996) and gelified phytoclasts (Fig. 4). The 
palynomorph group comprises freshwater algae Pediastrum and Botryococcus, 
dinoflagellates and spores and pollen grains. The Amorphous Organic Matter (AOM) group is 
subdivided into fluorescent AOM (fAOM), diffuse AOM (dAOM), and gelified AOM (Fig. 4). As 
gelified amorphous organic matter is likely to correspond to degraded gelified phytoclasts 
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(Tyson, 1995), gelified phytoclasts plus gelified AOM will be further referred to as gelified 
OM.  
 
3.2. Bulk and molecular organic geochemistry 
 3.2.1. Bulk organic analyses 
32 samples were analyzed with a Leco automatic carbon determinator (IR-212) that gives 
more reliable TOC values, for samples displaying high amounts of terrestrial OM, than those 
obtained by Rock-Eval analyses (Espitalié et al., 1985b). 
Depending on the OM content, between 50 and 100 mg of dried sediments were used for 
Rock-Eval6 analyses that were performed at the ―IFP Energies nouvelles‖ (IFPEN, Rueil 
Malmaison). The Rock-Eval parameters used in this study were: (i) Total Organic Content 
(TOC, %), which accounts for the quantity of OM present in the sediment; (ii) Hydrogen Index 
(HI, mg HC/g TOC), which is the amount of hydrocarbonaceous products released during 
pyrolysis normalized to TOC; (iii) Oxygen Index (OI, mg O2/g TOC), calculated from the 
amounts of CO and CO2 released during pyrolysis, which gives the oxygen content of the 
OM; and (iv) Tmax, which is the temperature of the pyrolysis oven recorded at the maximum 
of HC production, and is a good indicator of OM maturity in ancient sediments (Espitalié et 
al., 1985a). 
3.2.2. Lipid extraction and separation 
28 dried and powdered samples were extracted with an Accelerated Solvent Extractor (ASE 
200, Dionex©), using a dichloromethane (DCM): methanol 9:1 (v/v) solvent mixture. 
Extracted lipids were then separated into a neutral and an acidic fraction by solid phase 
extraction using aminopropyl-bonded silica. Neutral compounds were eluted with 
DCM:isopropanol 2:1 and acidic compounds with ether after acidification with ether:formic 
acid 9:1. The neutral fractions were submitted to further fractionation on Kieselgel-type-silica 
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columns to give aliphatic hydrocarbons (eluted with heptane; see Jacob et al., 2005), and 
other compounds including aromatic hydrocarbons which are not discussed in this paper. 5α-
Cholestane was added as internal standard to each hydrocarbon fraction prior to analysis. 
3.2.3. GC–MS analysis 
GC–MS analyses were performed on a Thermo-Finnigan TRACE-PolarisGCQ gas 
chromatograph–mass spectrometer. The gas chromatograph (GC) was fitted with an Rtx-5 
MS capillary column (30 m x 0.25 mm i.d., 0.25 µm film thickness) with 5 m of guard column. 
The GC operating conditions were as follows: temperature hold at 40 °C for 1 min, then an 
increase from 40 to 120 °C at 30 °C/ min, 120 to 300 °C at 5 °C/min with a final isothermal 
hold at 300 °C for 30 min. The sample was dissolved in toluene and injected splitless in a 2 
µl volume, with the injector temperature set at 280 °C. Helium was the carrier gas at a flow 
rate of 1 ml.min-1. The mass spectrometer was operated in the electron ionization (EI) mode 
at 70 eV ionization energy and scanned from 50 to 650 Daltons. The method for biomarker 
quantification is described elsewhere (Lavrieux et al., 2011). Briefly: the concentration of 
each n-alkane was estimated by measuring the areas of their peaks on the m/z 57+71+85 
ions specific chromatograms. After converting these areas into areas in Total Ion Current 
(TIC) by using a correction factor, the calculated peak areas were then normalized to the 
intensity of the peak of 5α-cholestane, measured on the TIC and to the weight of dry sample 
extracted. 
3.2.4. Gas chromatography-isotope-ratio mass spectrometry 
The carbon isotopic composition (δ13C) of n-alkanes and the hydrogen isotopic composition 
(δD) of n-alkanes and onocerane I were determined by gas chromatography–isotope ratio 
mass spectrometry (GC–IRMS) using a Trace GC chromatograph equipped with a TriPlus 
autosampler, connected to a GC-Isolink combustion– (for δ13C) or pyrolysis– (for δD) 
interface, a ConFlo IV dilution system and coupled to a DeltaV Advantage isotope ratio mass 
spectrometer (all from Thermo Scientific, Bremen). The chromatographic conditions were the 
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same as those used in GC–MS experiments, except that the GC column was slightly 
different (Agilent J&W DB–5, 30 m, 0.25 mm i.d., 0.25 µm film thickness). The analytical 
accuracy and precision of the system were monitored using a mixture of n-alkanes (n-C16 to 
n-C30, Arndt Schimmelmann, Indiana University, Bloomington, IN, USA) that was analyzed 
before and after each set of 4 injections. The overall precision for the n-alkane standard was 
better than 0.2 ‰ for δ13C and 5 ‰ for δD. δ13C values based on duplicate analyses and 
normalized to the VPDB isotopic scale, were calculated against a calibrated CO2 gas. The 
same procedure was used for δD values (with H2 as reference gas) based on triplicate 
analyses and normalized to the V-SMOW isotopic scale. The mean precision of the n-C25, n-
C27 and n-C29 δ
13C values was better than 0.3 ‰. The mean precision of the n-C27, n-C29 and 
onocerane I δD was better than 6 ‰. The measured δ
13C and δD values for the n-alkanes 
standard are in good agreement with those measured offline. The H3+ factor was calculated 
daily prior to analyses and was consistently below 4 ppm V-1. Because of the low amounts of 
biomarkers in some levels, only 20 samples could be analyzed for δ13C and 17 for δD (14 for 
onocerane I). 
3.3. Carbonate analyses 
Carbonate nodules from layers Nb1 and Nb2 were analyzed with a Kiel carbonate device 
coupled to a Finnigan MAT delta S mass spectrometer. The carbonate CO2 was extracted 
with H3PO4 at a temperature of 70°C. The δ
13C and δ18O values obtained, based on duplicate 
analyses and normalized to the VPDB isotopic scale, were calculated against a calibrated 
CO2 gas, extracted with H3PO4 from a standard carbonate at 25°C. 
 
4. Results 
All the data presented in this part are shown in the supplementary material. 
4.1. Bulk geochemistry 
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Except for one sample, Tmax values are always below 440 °C (422 °C on average), thus 
indicating an immature OM that suffered limited burial. TOC values range from 0.35 to 43 % 
(9.4 % in average); the average TOC value is 25.6 % for lignite beds, 2.75 % for clay beds 
and 1.3 % in the SAOM Member (Mb). HI values range from 15 to 272 mg HC/g TOC (76 mg 
HC/g TOC in average); the average HI value is 128 mg HC/g TOC for lignite beds, 71 mg 
HC/g TOC for clay beds and 45 mg HC/g TOC for the SAOM Mb. OI values range from 11 to 
230 mg O2/g TOC (88 mg O2/g TOC in average); 3 samples with implausible OI values (more 
than 450 mg O2/g TOC) according to Behar et al. (2001) will not be further discussed. The 
average OI value is 62 mg O2/g TOC for lignite beds, 129 mg O2/g TOC for clay beds, 160 
mg O2/g TOC for SAOM. In an HI-OI diagram, the Vasterival samples plot in the Type III field 
(Fig. 5), indicating that terrestrial plants are the main producers of the Vasterival OM 
(Espitalié et al., 1985b). 
 
4.2. Palynofacies 
 4.2.1. Lignite beds 
The main palynofacies results are shown on Fig. 6. Vasterival lignite beds are characterized 
by a high content in gelified OM from higher plant origin with an average of 81.4%. The 
average dAOM content is 8.4 %; it is very low in Lb1 and Lb5 (<3 %), but reaches 25 % in 
Lb2 and Lb4. Lb4 is the only lignite bed with a high content in fAOM (22.8 %) and in 
Pediastrum spp. (6.2 %; Fig. 6), whereas the average percentages for all the Vasterival 
lignite beds are respectively 5.2 % and 1.5 %. The brown wood content is 1 % on average 
(see supplementary data). Only the highest part of Lb3 (samples 95 and 98, average of 1.4 
%) and the lowest part of Lb5 (samples 143 and 147, average of 3.2 %) show higher 
concentrations. Cuticle proportions are low (0.6 % on average, see supplementary data). 
Black phytoclasts and charcoal contents are very low, with a maximum value of 1 % and an 
average of 0.4 % (see supplementary data). Spore and pollen contents are <1 % (0.5 % on 
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average) whereas the Botryococcus spp. content, with a similar average (0.6%), reaches 1.3 
% in Lb5 and 1.7 % in Lb3. Dinoflagellate cysts are observed in the Lb5 (average of 0.5 %; 
Fig. 3), where Apectodinium spp. constitutes more than 75 % of the dinocyst assemblage. 
4.2.2. Pre-PETM clay beds 
Pre-PETM clay beds (Rb1, Nb1, Cb1 and Cb2) show various contents of gelified OM (8.7 - 
73.5 %, average 51 %; Fig. 6), and of diffuse AOM (15.5 - 84.5 %, average 45.8 %; Fig. 6). 
The fAOM proportions are relatively low with an average of 1.3 %. The brown wood content 
is 2 % on average (see supplementary data). Cuticle proportions are relatively high with an 
average of 2.8 % (see supplementary data). The average proportion of black phytoclasts and 
charcoal is 0.75 % (see supplementary data). Pollen and spores are uncommon (average of 
0.5 %). These clay beds show the highest Botryococcus proportion with an average of 1.6 %, 
up to 4.3 % in sample 27 (Rb1). Contents in freshwater algae Pediastrum are relatively 
moderate with an average of 2.1 %, up to 6.1 % in sample 70.   
4.2.3. PETM clay beds 
PETM clay beds (Cb3, Rb2 and Rb3) are significantly different from the pre-PETM ones, with 
respect to the OM content (Fig. 6). They show a higher content in dAOM (35.5 - 75.2 %, 
average 58 %), and in Pediastrum spp. (up to 11 % in sample 136 with an average of 7.5 %). 
They also exhibit lower proportions of gelified OM with an average of 23.8 %. Brown wood 
proportions are <1 % (average of 0.4 %, see supplementary data). The values of cuticles and 
black phytoclasts and charcoal are relatively low, with respective averages of 1.9 % and 0.5 
% (see supplementary data). Higher amounts of fAOM are observed in this interval: an 
average of 7.3 %, up to 13 % for the Cb3 and to a maximum value of 21 % observed in 
sample 103 (Fig. 6). These high contents in fAOM are considered to indicate a significant 
proportion of algal organic matter in these beds (Tyson, 1995; Batten, 1996). Spores and 
pollen are rare (average of 0.6 %), and Botryococcus spp. are rare with an average 
proportion of 0.2 %. The first appearance of Apectodinium spp. in the Vasterival section 
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occurs in this interval (sample 136). They are observed in the whole Rb3 bed where a very 
low content of dinoflagellate cysts is observed (0.1 % for samples 136 and 138, 0.4 % for 
samples 140; Fig. 6). This is indicative of a slight marine influence.  
4.2.4. SAOM Member 
The SAOM Mb samples (i.e. from 155 to 196 cm) contain the highest proportions of dAOM of 
the Vasterival section with an average of 75 %, up to 89 % in sample 189 (Fig. 6). In the 
SAOM Mb the dAOM has a greyish aspect that is not observed in any other bed. It also 
shows the lowest proportions of gelified OM with an average of 13.9 %, down to 5.1 % in 
sample 189. The fAOM content is also very low with an average of 0.5 %. Cuticle content is 
relatively high (average of 3.6 %), whereas the black phytoclast and charcoal proportions are 
moderate (average of 0.75 %, see supplementary data). In the palynomorph group, spore 
and pollen proportions are here the highest in the whole section (average of 0.97 %), but the 
Botryococcus and Pediastrum contents are the lowest with respective averages of 0.1 and 
0.3 %. The SAOM Mb exhibits the highest contents in dinoflagellate cysts (average of 4.5 %), 
with a mean proportion of Apectodinium spp. ranging from 33 to 78 %. 
 
4.3. Molecular geochemistry 
4.3.1. Higher plant biomarkers 
The aliphatic hydrocarbon fraction is dominated by n-alkanes ranging from n-C17 to n-C34 with 
minor amounts of n-C14 to n-C16 and of n-C35 to n-C37 in some samples. Onocerane I was 
identified in most of our samples. This compound elutes between n-C29 and n-C31 n-alkanes 
with our chromatographic conditions. The mass spectrum of this original biomarker is 
characterized by: a molecular ion M+ 414, a base peak at m/z 123 and a strong peak at m/z 
191 (Kimble et al., 1974). Onocerane I has not been found in living plants. Possible 
precursors have been reported in angiosperm species (Pearson and Obaje, 1999; Jacob et 
13 
 
al., 2004). Considering the restricted number of potential sources, onocerane I is thus 
considered as a more specific biomarker of higher plants than long chain n-alkanes. 
The n-alkane series are dominated by long chain (>n-C24) n-alkanes with odd-over-even 
predominance, which is usually associated with a significant input of OM from terrestrial 
vascular plants (Eglinton et al., 1962; Eglinton and Hamilton, 1967). Sample 27 is the only 
one that shows a dominance of short chain n-alkanes, indicating a significant algal 
contribution (Pelet, 1985). The Carbon Preference Index (CPI; Bray and Evans, 1961) was 
determined through the following equation:  
CPI = 1 / 2× (C25+C27+C29+C31+C33) / (C24+C26+C28+C30+C32)  
+ 1 / 2 × (C25+C27+C29+C31+C33)/ (C26+C28+C30+C32+C34). 
The numbers in the equation represent the number of carbons in an n-alkane molecule. This 
ratio is considered as a good indicator of the potential contribution of land plants to the bulk 
OM (Peters et al., 2005). CPI values for Vasterival samples range from 1.1 to 5.55 (3.15 on 
average; Fig. 7), lower than those usually observed for extant vascular plants that are >5 
(Van Dongen et al., 2006), but still suggesting significant contributions of OM derived from 
land plants, as CPI values >1 correspond to a predominantly higher-plant input (Peters et al., 
2005; Van Dongen et al., 2006; Carvajal-Ortiz et al., 2009). Other authors suggest that low 
CPI values could be related to significant bacterial activity (Chaffee et al., 1986; Stefanova et 
al., 1995). Pre-PETM lignite beds exhibit low values in comparison with the PETM ones (Fig. 
7). Two clay and two lignite samples have low CPI values <2 (Fig. 7). Caution must therefore 
be taken before interpreting their biomarker concentrations and compound-specific isotopic 
composition, as they may have been strongly degraded by bacteria. 
Because of the occurrence of short-chain n-alkanes and their potential algal origin, the 
terrestrial/freshwater plant ratio (Paq; Ficken et al., 2000) can be used to assess the source of 
most of the long-chain n-alkanes. The Paq expresses the relative proportion of mid-chain n-
alkanes (n-C23, n-C25) produced by submerged/floating aquatic macrophytes over the amount 
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of long-chain n-alkanes (n-C27, n-C29, n-C31) produced by higher plants: Paq = (C23 + C25) / 
(C27 + C29 + C31). A study of the vegetation around and in present tropical African lakes 
revealed that submerged and floating macrophytes are characterized by Paq ranging from 0.4 
to 1, whereas the Paq of emersed plants range from 0.1 to 0.4, and the Paq of terrestrial plants 
range from 0.01 to 0.23 (Ficken et al., 2000). In Vasterival, Paq values range from 0.08 to 
0.47 (Fig. 7). Except for sample 27, all values are below 0.4, suggesting that emersed and 
terrestrial plants are the main producers of the n-alkanes in Vasterival.  
4.3.2. Long-chain n-alkanes relative concentrations 
The relative proportions of n-alkanes n-C27 (C27 / (C27 + C29 + C31)), n-C29 (C29 / (C27 + C29 + 
C31)) and n-C31 (C31 / (C27 + C29 + C31)) are shown on Fig. 7. Five intervals can be identified: 
(i) The first interval comprises the beds Lb1 and Nb1 and exhibits relatively low n-C27 
proportions (average of 29.5 %) but high n-C29 and n-C31 with respective averages of 44.5 
and 26 %; (ii) The second interval comprises the beds Cb1, Lb2, Cb2 and Lb3 and shows 
moderate proportions of n-C27 and n-C31 (respective averages of 39 and 19.6 %), compared 
to high percentages of n-C29 (average 41.5 %); (iii) The third interval corresponds to the 
δ13Corg excursion and differs from all the other intervals by high proportions of n-C27, ranging 
from 44 to 59.6 %  (average 55 %); (iv) The Lb5 bed shows the return to pre-PETM 
proportions of n-C27, n-C29 and n-C31 (37, 43 and 20 %, respectively); (v) In the SAOM Mb, 
sample 162 exhibits the highest n-C31 percentage (32 %) unlike samples 175 and 196 
(respectively, 23 and 20 %), samples 162 and 175 are dominated by n-C29 (average of 41.5 
%), whereas sample 196 shows a clear dominance of n-C27 (44 %). 
Studies of the n-alkane and pollen distributions in recent sediments showed a relation 
between the n-alkane distribution and the type of vegetation (i.e. boreal, tropical, etc.). These 
studies pointed out that vegetation subjected to harsh conditions, such as arid or boreal 
climates, has a clear dominance of n-C31 over n-C29 and n-C27 (Schwark et al., 2002; 
Rommerskirchen et al., 2003). They also showed that vegetation growing under more 
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favorable climatic conditions (i.e. equatorial or temperate) has a much higher proportion of n-
C27 and n-C29. Therefore, the dominance of n-C27 and n-C29 in Vasterival sediments suggests 
that the vegetation did not experience long periods of overall semi-arid conditions. 
4.3.3. n-alkane compound-specific δ13C values 
As there are potential changes in OM-source throughout the Vasterival section that could, in 
part, be responsible for changes in bulk δ13Corg, δ13C values were determined for the C25, 
C27 and C29 n-alkanes that are mainly derived from higher plant epicuticular waxes (Eglinton 
et al., 1962). n-C25 δ
13C values range from -27.9 to -33 ‰, whereas n-C27 δ
13C values range 
from -29.3 to -34.3 ‰ and n-C29 δ
13C values range from -28.6 to -32.6 ‰ (Fig. 8).  
Except for one sample, the n-C29 is less depleted in 
13C than the n-C27, the offset between 
the 2 n-alkanes ranging from -0.1 to 2.2 ‰ (Fig. 8). The n-C25 sometimes shows more 
negative values than the n-C27 and sometimes less negative than the n-C29.The δ
13C values 
of all three n-alkanes show almost identical trends throughout the section. 
Below 98 cm, values vary between -28.6 and -31 ‰ (average of -29.5 ‰) for n-C29, between 
-29.3 and -31.1 ‰ (average of -30.14 ‰) for n-C27 and between -27.9 ‰ and -31.4 ‰ 
(average of -30 ‰) for n-C25. At 98 cm, δ
13C values for all three n-alkanes start to shift 
towards more negative values, reaching -32.6 ‰ for n-C29, -33.1 ‰ for n-C27 and -32 ‰ for 
n-C25 at 103 cm. 
The next three samples upwards show less negative values: slightly below -29.6 ‰ for n-C29, 
below -30.5 for n-C27 and up to -30.7 ‰ for n-C25, which are more negative values than the 
Upper Paleocene ones. After this positive peak, another negative shift is observed: C27 and 
C25 n-alkanes reach their most negative values at 130 cm, with -34.30 ‰ for n-C27 and -33 ‰ 
for n-C25. A second positive shift that is less pronounced than the first one occurs between 
136 and 143 cm. At 143 cm all three n-alkanes show δ13C values below -30.6 ‰, which is 
more negative than the pre-excursion average values. The last terrestrial samples show 
another negative shift reaching -31.6 ‰ for n-C29, -32.7 ‰ for n-C27 and -31.6 ‰ for n-C25. In 
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the SAOM Mb, the three n-alkanes show a positive trend, reaching -30.4 ‰ for n-C29, -31.5 
‰ for n-C27 and -31.1 ‰ for n-C25, again more negative than the Upper Paleocene values. 
Thus, the negative excursion, which begins at 98 cm, is interpreted as the PETM CIE, and 
the magnitude of this excursion is 3.5 ‰ for n-C29, 4.5 ‰ for n-C27 and 3 ‰ for n-C25. 
4.3.4. compound-specific δD values 
δD values were determined for C27 and C29 n-alkanes and onocerane I. Concentrations of the 
C25 n-alkane were too low to allow reliable δD analyses. Along the section, the same trends 
are observed for the δD of both n-alkanes and onocerane I, n-C29 and onocerane I being 
generally more depleted in D than the n-C27 (Fig. 8).  
In the pre-PETM part of the section, δD values range from -174 to -112 ‰ for n-C27, from -
186 to -110 ‰ for n-C29 and from -179 to -127 ‰ for onocerane I. The lowest values are 
observed in clay samples whereas the highest values are observed in lignite beds. A marked 
increase in δD values is observed between sample 51 (Cb1) and sample 78 (Lb2), from -171 
to -124 ‰ for n-C27, from -182 to -115 ‰ for n-C29 and from -179 to -127 ‰ for onocerane I. 
δD values reach the most negative values over the Vasterival section for sample 85, followed 
by the least negative δD values in the Lb3 lignite (sample 95).  
The onset of the CIE is concomitant with a strong decrease in δD values, which reach a 
minimum in sample 106. The resulting negative shift reaches 50 ‰ for n-C27, 63 ‰ for n-C29 
and 55 ‰ for onocerane I. Then, the δD values remain relatively constant upward in the 
terrestrial part of the section, except for sample 120 (Rb3), where δD values reach -142 ‰ 
for both n-alkanes and -149 ‰ for onocerane I, constituting the first positive shift of the CIE. 
The last sample (196) lies within the SAOM Mb and shows a second positive shift of 22 ‰ 
for n-C27 and 28 ‰ for n-C29 when compared to Lb5 (sample 149). Low onocerane I 
concentrations in Lb5 did not permit δD measurements.  
4.4. Carbonate carbon and oxygen isotopic compositions 
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Carbonate nodules from both levels exhibit very low δ13C and δ18C values compared to usual 
pedogenetic carbonates (Cerling, 1984; Cerling and Quade, 1993). The δ13C values are  
-27 ‰ for the Nb1 and -21.7 ‰ for the Nb2, and the δ18O values are -22 ‰ for the Nb1 and -
17.2 ‰ for the Nb2.  
5. Discussion 
5.1. Refining the PETM extension in Vasterival 
The CIE is the primary criterion of the PETM (Kennett and Stott, 1991; Aubry et al., 2007). To 
verify the presence of the CIE in a section devoid of carbonates, most of the current studies 
are based on the isotopic composition of bulk OM. However, it has been demonstrated that 
marine and terrestrial OM do not have the same δ13C signature (Meyers, 1997), and that 
even in the terrestrial OM, gymnosperms and angiosperms do not have the same δ13C 
signature (Leavitt and Newberry, 1992; Chikaraishi and Naraoka, 2003). The PETM is also 
characterized by secondary criteria such as: the benthic foraminiferal extinction event in the 
marine realm (Kennett and Stott, 1991) and the Apectodinium acme in marine and brackish 
paleoenvironments (Bujak and Brinkhuis, 1998; Crouch et al., 2003), although Sluijs et al. 
(2007) observed that the Apectodinium acme can precede the CIE. In Vasterival, the 
beginning of the marine influence occurs in the Rb3 clay, as indicated by the first occurrence 
of Apectodinium dinoflagellate cysts, 19 cm below the SAOM Mb (Fig. 6; supplementary 
data). This coincides with the return to more positive values of δ13Corg that could be 
interpreted as the recovery of the CIE (Storme et al., 2012b). However, the occurrence of the 
Apectodinium acme in the SAOM Mb suggests that these deposits are encompassed within 
the PETM event (Bujak and Brinkhuis, 1998; Crouch et al., 2003; Aubry et al., 2007).  
Vasterival samples all plot in the Type III (higher plant) part of the Van Krevelen diagram 
(Fig. 5). Nevertheless, Espitalié et al. (1985b) have shown that the degradation of OM 
causes a decrease in the H/C ratio as well as in HI values; a degraded marine OM can thus 
18 
 
exhibit OI and HI values characteristic of terrestrial OM.  SAOM Mb sediments contain 
numerous coquina and sandy layers that are indicative of a high energy environment 
generally associated with good oxygenation. It is therefore likely that the OM in these 
deposits has been subjected to degradation. In addition, palynofacies data show that dAOM, 
which can either derive from marine or terrestrial organic matter (Tyson, 1995; Batten, 1996), 
is dominant in the SAOM Mb. The dAOM has also a grayish and fluffy aspect that could 
indicate an oxidized OM (Tyson, 1995). The marine palynomorphs represent 40 % of total 
palynomorphs (on average) in the SAOM Mb, indicating a significant contribution of marine 
OM in those deposits. Furthermore, some authors have revealed that angiosperms and 
gymnosperms have a differential carbon fractionation during carbon assimilation (Schouten 
et al., 2007; Smith et al., 2007). Therefore, the less negative values of the bulk-CIE from Rb3 
upwards could be interpreted as a result of the increasing influence of marine OM, as marine 
OM is generally less 13C depleted than terrestrial OM (Meyers, 1997), and/or a change in 
plant community (Leavitt and Newberry, 1992; Chikaraishi and Naraoka, 2003; Smith et al., 
2007). 
From the δ13C measurements performed on higher-plant derived n-alkanes (n-C25, n-C27 and 
n-C29), a contribution from algal material, that can affect bulk δ
13C (Meyers, 1997), can be 
excluded. All three n-alkanes record the beginning of the CIE by a significant negative shift in 
sample 98, i.e. just slightly before the onset of the bulk δ13C CIE. The amplitude of the 
excursion is greater than 3.4 ‰ for all three n-alkanes. As we do not observe any return to 
pre-excursion δ13C n-alkane values in the Vasterival section and as the Apectodinium acme 
is recorded from sample 136 cm to the top of the section, we can propose that the SAOM Mb 
sediments of Vasterival are encompassed within the PETM. If correct, the sediments of the 
upper half of the section were thus deposited in less than 120-220 ka, depending on 
estimations of the PETM duration (Röhl et al., 2007; Aziz et al., 2008; Murphy et al., 2010).  
Preliminary palynological analyses on Vasterival samples showed an increase in 
gymnosperm pollen between 138 and 143 cm (Roche, pers. comm.), coincident with a 
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positive shift in the n-alkanes δ13C (Fig. 8). Yet, it has been shown that gymnosperm n-
alkanes are more 13C enriched compared to n-alkanes found in angiosperms grown under 
the same climatic conditions (Leavitt and Newberry, 1992; Chikaraishi and Naraoka, 2003; 
Smith et al., 2007; Diefendorf et al., 2010). Thus, the positive shift in the n-alkanes δ13C 
recorded in this interval may be related to a change in the floral assemblage. 
These source-mixing effects may explain the zigzag shape of several δ13Corg records in the 
"Sparnacian" deposits of the Paris Basin (Sinha, 1997; Thiry and Dupuis, 1998; Magioncalda 
et al., 2001; Thiry et al., 2006), the London Basin (Collinson et al., 2007) and North Belgium 
(Steurbaut et al., 2003). This similarity suggests that the PETM extension in these areas may 
be larger than previously thought. This possibility would have important stratigraphical 
consequences since the negative peaks of δ13Corg records were used for regional correlation 
(Thiry and Dupuis 1998; Thiry et al., 2006) 
 
5.2. Evolution of depositional environment 
 5.2.1. Latest Paleocene 
The lignite complex L1 of the Cap d’Ailly section is interpreted to have been deposited in a 
swamp (Magioncalda et al., 2001). However, high resolution observations reveal a complex 
succession of clay and organic-rich beds that could be related to a more dynamic 
depositional environment than previously thought.  
The Rb1 differs from all the other terrestrial beds of the Vasterival section by having a large 
proportion of short-chain n-alkanes (<nC19), pointing to a significant algal contribution (Pelet, 
1985). Furthermore, sample 27 is the only one with a Paq ratio >0.4 that indicates a 
dominance of submerged-floating plants over terrestrial and emersed plants (Ficken et al., 
2000). Consistently, the proportion of aquatic OM (i.e. fAOM, Pediastrum spp. and 
Botryococcus spp.) reaches 11.5 %, including 4.3 % of Botryococcus spp. that are commonly 
observed in lake sediments (Batten, 1996). In agreement with the lithostratigraphy of the 
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Côte d'Albâtre succession (Fig. 2), Rb1 can be viewed as the terminal unit of lacustrine 
deposits. The very low HI value found in Rb1 (29 mg HC/g TOC) is unusual for lacustrine 
deposits but can be explained by a strong degradation of OM, as shown by a low CPI 
(Stefanova et al., 1995). As a matter of fact, numerous root traces originating from the 
overlying L1 lignite complex indicate the development of an autochthonous peat formation 
(Bennett, 1964; Cohen, 1970; Diessel, 1992) that marks the end of the lacustrine episode. 
The Lb2 and Lb3 beds do not exhibit rooted floor sediments but are laminated. This feature 
is interpreted as the deposition of allochthonous peat material alternating with clay particles 
(Bennett 1964; Cohen, 1970). Peatlands are usually associated with dysoxic to anoxic 
conditions. This paleosetting at Vasterival is confirmed by high TOC values (average of 23 
%) and by strong bacterial activity evidenced by the dominance of gelified particles (mean of 
84 %), interpreted as the result of bacterial degradation (Batten, 1996; Pacton et al., 2011). 
The Paq values (average of 0.16; Fig. 7) indicate a combination of terrestrial and emersed 
plant n-alkanes in those beds (Ficken et al., 2000).  
The clay beds Cb1 and Cb2 also exhibit relatively high TOC values (average of 4.1 %) 
suggesting that they were deposited in a dysoxic to anoxic environment. The proportion of 
gelified particles (average of 63 %) is again indicative of strong bacterial activity (Batten, 
1996; Pacton et al., 2011). The Paq values are higher than those observed in the pre-PETM 
lignite beds (average of 0.18). This difference may indicate a higher contribution of emersed 
plants in Cb1 and Cb2 beds than in the lignite ones. Therefore, in Vasterival, clay beds are 
likely to have been formed in an environment with a water level higher than the one that 
prevailed during lignite formation.  
Carbonate nodules found in levels Nb1 and Nb2 exhibit low δ13C values (respectively -27 ‰ 
and -21.7 ‰) in comparison with the PETM-soil-carbonate nodules of the Polecat Bench 
section (- 9 to – 15 ‰; Wyoming; Bains et al., 2003). These very negative values can be 
compared to those obtained by Whelan and Roberts (1973) in poorly-drained swamp 
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sediments. In environments showing similar redox conditions, Raiswell (1988) explains that 
13C-depleted carbonate nodules are formed diagenetically. This process only occurs in a thin 
zone below the water-sediment interface, under a combination of sulfate reduction and 
anaerobic methane oxidation, associated with low or null sedimentation rates. 
Furthermore, the very negative δ18O values (-22 ‰ for Nb1 and -17.2 ‰ for Nb2) found in 
those nodules indicate that part of the oxygen originated from organic matter by bacterial 
reduction of sulphate and fermentation (Sass et al., 1991), two reactions producing HCO3
- 
(Raiswell, 1988; Sass et al., 1991). The rest of the oxygen is likely to originate from the 
environment waters (Coleman and Raiswell, 1980). It is thus hazardous to interpret these 
results in terms of environment-water or groundwater isotopic composition. 
All these sediments are likely to have been deposited in a relatively closed marsh 
environment. After the Rb1 bed, which represents the former lacustrine environment, the Lb1 
peaty bed marks the setting of the marsh. The clay to peat deposition variation may therefore 
be linked to water level changes: a high water level would have drowned peat vegetation and 
is thus favorable to emergent plants such as reeds, but also to more clastic inputs as a too 
great turbidity is considered unfavorable to a peat environment (Diessel, 1992). As a matter 
of fact, Unio shells are found in Cb1, Lb2, Cb2 and Lb3 beds, which also indicates low clastic 
inputs (Burky, 1983; Good, 2004).  Therefore, each type of deposit can be explained by a 
combination of these parameters: (i) lignite beds correspond to low clastic inputs and 
relatively low water table, (ii) clay beds are deposited when there is a combination of 
moderate clastic inputs and a higher water table.  
5.2.2. Early PETM  
The beginning of the PETM coincides with abrupt changes in OM distribution. Palynofacies 
indicate a clear dominance of dAOM in clay beds (average 58 %) but also high proportions of 
Pediastrum algae between samples 101 and 140 (average 7.2 %; Fig. 6). A high amount of 
Pediastrum is generally associated with eutrophic freshwater environments, and thus, with 
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strong seasonal nutrient inputs (Nielsen and Sørensen, 1992; Tyson, 1995; Guy-Ohlson, 
1996). Furthermore, the Cb3 bed shows high proportions of fAOM (average of 13 %), which 
supports a strong algal contribution (Tyson, 1995; Batten, 1996). This contribution is 
consistent with the relatively higher HI values observed in this bed (mean value of 115 mg 
HC/g TOC). The Cb3 bed exhibits relatively higher Paq values with an average of 0.27 that is 
suggestive of a floral assemblage dominated by emergent plants such as reeds (Ficken et 
al., 2000). In addition, the disappearance of Unio in these beds could indicate enhanced 
detrital inputs (Burky, 1983; Good, 2004). Therefore, the beginning of the PETM in Vasterival 
appears to be marked by a stronger water flow that may have allowed the development of 
emergent vegetation and phytoplankton blooms, causing eutrophication of the environment 
water column.  
The Lb4 lignite bed also contains high proportions of fAOM and Pediastrum spp. 
(respectively 22.8 and 6.1 %) and relatively higher HI values (271 mg HC/g TOC) that 
indicate a relatively strong algal contribution (Espitalié et al. 1985b; Tyson, 1995; Batten, 
1996). However, the Paq ratio (0.14) and the proportion of gelified OM (42.5 %) indicate a 
strong contribution of terrestrial OM (Batten, 1996; Ficken et al., 2000). As this lignite bed 
overlies a clay level without root traces, the peat material is more probably allochthonous,  
similar to the floating mats known in Louisiana, for example (Bennett, 1964; Diessel, 1992; 
Visser and Sasser, 2009).  
The Rb2 and Rb3 beds show similar palynofacies patterns with relatively high dAOM and 
Pediastrum spp. contents (respective averages of 57.6 and 7 %) and low fAOM contents 
(average of 3.5 %). Samples 115, 120 and 127 correspond to the green-colored part of the 
Rb2 bed. They exhibit low TOC (average 0.8 %), low HI values (average 36 mg HC/g TOC), 
relatively low gelified particle contents (average 21 %) and moderate Paq values (average 
0.19). As the CPI values are relatively high (average 3.6), these characteristics cannot be 
explained by degradation processes linked to soil development (Chaffee et al., 1986; 
Stefanova et al., 1995). Thus, we suggest that these samples were deposited in an 
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environment dominated by terrestrial and emersed plants, as indicated by the Paq values. 
This type of environment appears unfavorable to OM preservation (Espitalié et al., 1985b), 
but is probably prone to temporary eutrophication, consistent with the high content in 
Pediastrum spp. (Nielsen and Sørensen, 1992; Tyson, 1995; Guy-Ohlson, 1996). However, 
the relatively low proportion of fAOM indicates an environment less favorable to algae 
proliferation than the one that prevailed during deposition of the Cb3 and Lb4 beds. 
Sample 130 corresponds to the darker part of the Rb2 clay bed (Fig. 3). It shows relatively 
higher TOC (5.5 %) and IH values (around 175 mg HC/g TOC) along with a relatively higher 
Paq value (0.27). This combination suggests that this black clay was deposited in a eutrophic 
environment, dominated by emersed plants, thus favoring OM preservation.  
Sample 136 shows similar palynofacies, Rock-Eval and biomarker values to the dark-colored 
part of the Rb2 bed, suggesting similar environmental conditions. As for samples 138 and 
140, they show similar values to the light-colored part of the Rb2 bed. The main difference 
between the two beds is the presence of a few dinoflagellate cysts in Rb3, indicating an 
enhanced marine influence, as in a swamp connected to a low delta plain or an estuary 
(Diessel, 1992; Schobert, 1995). 
The Lb5 bed is an autochthonous peat deposit as it overlies a bed with root traces (Bennett, 
1964; Diessel, 1992). The relative abundance of dinoflagellates increases from base to top, 
thus suggesting an increasing marine influence (Fig. 6; supplementary data). Therefore, the 
Rb3 and Lb5 beds were probably deposited in a swamp linked to a deltaic or estuarine 
system (e.g. Breyer, 1984; Schobert, 1995). Magioncalda et al. (2001) described similar 
evidence (e.g. presence of estuarine gastropods) in the L1 complex of the Phare d’Ailly 
section, which is located only 900 m from the Vasterival section.  
Summarizing, in Vasterival, the very beginning of the PETM underwent a major 
environmental change, shifting from a closed, quiescent environment to a temporarily open 
eutrophic one, mainly dominated by emersed plants, which did not suffer from major changes 
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until the beginning of the marine influence and a transitional shift to a lagoonal environment 
(Fig. 9). While it is hazardous to constrain the timing of pre-CIE variations in Vasterival, if we 
hypothesize that the deposition rate remained almost the same as during the CIE, we can 
assume that paleoenvironmental variations are at multi-millennial scales.  
5.3. Paleohydrological evolution 
5.3.1. Interpretation of n-alkane δD values 
According to Sachse et al. (2012), the hydrogen isotopic composition (δD) of higher plant-
derived leaf wax n-alkanes is impacted, in order of increasing importance, by: (i) the δD  
values of meteoric waters, which are affected by the source of moisture, the temperature at 
the precipitation site and the amount of precipitation (Dansgaard 1964; Epstein and Yapp, 
1976; Sauer et al., 2001; Chikaraishi and Naraoka, 2003; Sachse et al., 2004); (ii) the extent 
of soil-water evaporation and leaf-water transpiration,  which depend on temperature and 
humidity (Smith and Freeman, 2006; Feakins and Sessions, 2010); (iii) interspecific 
variability, which depends on the plant photosynthetic pathway, physiology and biochemistry 
(Smith and Freeman, 2006; Chikaraishi and Naraoka, 2007); (iv) local environmental 
parameters that are very likely buffered when molecular biomarkers are integrated into 
sedimentary archives (Bossard et al., 2011).  
In the Vasterival section, δD values range from -174 to -112 ‰ for the C27 n-alkane and from 
-185 to -110 ‰ for the C29 n-alkane (Fig. 8).The n-C29 δD values of Vasterival at the 
Paleocene-Eocene boundary are less negative than those reported in the Bighorn Basin (-
195 to -185 ‰; Smith et al., 2007) and the Arctic (−210 to −160 ‰; Pagani et al., 2006), but 
comparable to those recorded in Tanzania (-160 to -115 ‰; Handley et al., 2012), and New 
Zealand (-165 to -140 ‰; Handley et al., 2011) for the same time interval. This pattern is 
expected, because during the PETM the Vasterival site was located in a coastal region and 
close to the origin of precipitation water, much like the sites in Tanzania and New Zealand. In 
contrast, at that time, the Arctic was a high-latitude site and the Bighorn Basin was an intra-
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continental basin: both located far from precipitation source waters and thus characterized by 
more D-depleted meteoric waters. Thus, it seems that the relations of those sites are in 
agreement with a latitudinal δD pattern of precipitation (Bowen and Revenaugh, 2003). 
Hence, it is likely that δD variations in Vasterival were not driven by a change of the source 
of precipitation. 
Onocerane I precursors are found in only a few angiosperm species (Pearson and Obaje, 
1999; Jacob et al., 2004). This biomarker is thus considered more source-specific than long 
chain n-alkanes. It can therefore be concluded that the δD of onocerane is not affected by 
vegetation changes. Considering that the δD values of onocerane I and those of the n-C27 
and n-C29 alkanes show the same trends in Vasterival (Fig. 8), variations in the n-alkane δD 
values are also unlikely to be driven by changes in plant communities. Therefore, variations 
in compound-specific δD values can be principally interpreted as paleohydrological changes. 
5.3.2. Latest Paleocene  
In the Vasterival section, the latest Paleocene is marked by considerable variations in δD 
values. These changes are rather well correlated with the lithology: the least negative values 
are reported in lignite beds (Lb2 and Lb3) whereas the most negative values are found in 
clay beds (Cb1 and Cb2). This pattern is in agreement with the hypothesis that, before the 
PETM, lignite beds were formed under lower meteoric water inputs, in comparison with clay 
beds. Furthermore, the magnitudes of the δD variations are very high, reaching 70 ‰ 
between samples 78 and 85, and 75 ‰ between samples 85 and 95 for the n-C29. If these 
magnitudes are strictly interpreted in terms of changes in the amounts of rainfall, they appear 
to indicate an alternation between dry and wet conditions (Smith and Freeman, 2006; 
Feakins and Sessions, 2010). It is however probable that these changes were less marked, 
but were accompanied by an increase in evapotranspiration causing an overestimation of the 
paleohydrological changes, as an interpretation of these variations solely as 
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paleohydrological changes indicates an arid environment, which is hardly compatible with 
swamp deposits. 
The highest δD value is found just before the CIE onset, suggesting that drier conditions 
predated the PETM. As previously proposed by Storme et al. (2012b), Vasterival constitutes 
another site where climatic variations are recorded just below the CIE onset, as at Cobham 
in England, where evidence of increased seasonality has been observed (Collinson et al., 
2007; 2009); but also in northern Italy where the magnitude of the δD variations is slightly 
lower than at Vasterival (15 ‰; Tipple et al., 2011) and also in the Bighorn Basin where 
warmer conditions have been reported (Secord et al., 2010). This similarity suggests that 
these pre-PETM changes were global and probably present a key to understand the 
processes that triggered the PETM. 
One explanation of these pre-CIE changes could be a strong episode of volcanic activity in 
the North Atlantic Igneous Province, leading to an increase in atmospheric CO2 levels, and 
thus, to a progressive warming. This hypothesis is in good agreement with the conclusions of 
Secord et al. (2010) based on similar evidence in the Bighorn Basin. The progressive 
warming and the strong volcanic episode could have triggered a series of events such as the 
destabilization of marine clathrates (Dickens et al., 1995; 1997) and the uplift of 
epicontinental seas (Gavrilov et al., 1997; Higgins and Schrag, 2006), which led to the 
PETM.  
5.3.3. Early PETM  
The beginning of the PETM is characterized by a 60 ‰ negative shift in n-C29 δD values, 
indicative of moister conditions (Smith and Freeman, 2006; Feakins and Sessions, 2010). 
This change is substantiated by an increase in the n-C27 relative concentration accompanied 
by a dramatic increase in Pediastrum algae and in fAOM (Fig 9), which also indicates an 
increasing rainfall pattern during this episode (Nielsen and Sørensen, 1992; Tyson, 1995; 
Batten, 1996; Guy-Ohlson, 1996; Schwark et al., 2002; Rommerskirchen et al., 2003). As the 
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CIE is associated with global warming (Kennett and Stott, 1991; Zachos et al., 2003; 
McInerney and Wing, 2011), it is likely that evapotranspiration and soil-water evaporation 
were stronger than during the Late Paleocene. However, stronger evapotranspiration and 
evaporation lead to less negative δD values (Smith and Freeman, 2006; Feakins and 
Sessions, 2010). As the δD values integrate these changes as well as changes in the 
amount of precipitation, attributing these values solely to precipitation would underestimate 
these changes. Thus, during the earliest PETM at Vasterival, it is probable that precipitation 
was more abundant than suggested by the compound-specific δD values. 
A shift towards less negative δD values is observed in the Cb3 bed (30 ‰ n-C29; Fig. 8), 
along with a strong decrease in fAOM (Fig. 6). These lines of evidence could reflect a short 
episode of drier conditions. After this peak, δD values are relatively stable, suggesting that 
no major hydrological change occurred during this interval. In the lignite bed Lb5, this stability 
could result from greater water availability as a consequence of the connection of the swamp 
environment with the sea shown by the presence of dinoflagellates. The top of the section 
shows slightly higher δD values, suggestive of drier conditions. 
Thus, the early PETM appears wetter than the latest Paleocene, but it was affected by at 
least one dry episode.  
A moister climate is also indicated by  several PETM records from western Europe during the 
PETM. In northern Italy, this evidence consists of a 15 ‰ decrease in n-alkane δD values 
(Tipple et al., 2011). In England, a decline of wildfire evidence from the latest Paleocene to 
the early PETM is accompanied by an increase in wetland plants (Collinson et al., 2007; 
2009). In northern Spain, extreme seasonal precipitation events occurred at the Paleocene-
Eocene boundary (Schmitz and Pujalte, 2007). Thus it seems that, in several regions of 
Western Europe, the latest Paleocene was characterized by dry conditions until the 
beginning of the PETM when a moister climate became established. 
5.3.4. Evidence of stronger seasonality during the earliest PETM 
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The evolution of paleohydrological conditions in the Vasterival section is reconstructed from 
several parameters (n-alkane δD, n-alkane ratio, Pediastrum spp. content and fAOM content) 
that are all in rather good agreement. In a previous study on the same section, Storme et al. 
(2012b) used the δ15N of organic matter (δ15Norg; Fig. 9) as a 
paleohydrological/paleotemperature indicator, with more positive values pointing to drier 
and/or warmer conditions (Austin and Vitousek, 1998; Handley et al., 1999; Amundson et al., 
2003; Liu and Wang, 2010).   
Although they both record alternations of dry and humid periods prior to the PETM, the 
variations in δ15Norg and n-alkane δD values are globally anti-correlated, thus leading to 
opposite interpretations if both proxies are interpreted solely as indicators of past 
hydrological conditions (Fig. 9). 
Like the δD, the δ15N of OM depends not only on humidity but also on other factors such as 
denitrification of NO3 in oxygen depleted waters (Cline and Kaplan, 1975; Meyers, 1997), 
humification of OM in soils (Kramer et al., 2003), and changes in OM producers (algal or 
terrestrial; Meyers, 1997), although Storme et al. (2012b) excluded the latter cause for 
Vasterival. Drainage and influence of litter could explain the discrepancy between δ15Norg and 
δD (Shearer and Kohl, 1986; 1988; 1993). Nitrate in soils on lower slopes and near saline 
seeps has a higher δ15N value than nitrate in well-drained soils (Karamanos et al., 1981).  
This property suggests the occurrence in the study area of immature, poorly-drained soils, 
generating relatively high δ15Norg, which could agree with enhanced seasonality (see below). 
Climatic variations impact δ15Norg and n-alkane δD by different processes: leaching and gas 
emissions in soil for δ15Norg (Swap et al. 2003; Liu and Wang, 2008; 2010), as opposed to the 
extent of soil-water evaporation and leaf-water transpiration for n-alkane δD (Smith and 
Freeman, 2006; Feakins and Sessions, 2010). Sachse et al. (2009) showed that leaf-wax n-
alkanes found in soils and litter were produced during the growing season, thus suggesting 
that n-alkane δD variations do not record paleohydrological changes for the entire year. On 
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the other hand, δ15Norg may be mainly driven by leaching during the wet season and gas 
emission during the dry season (Amundson et al., 2003; Aranibar et al., 2004). The apparent 
discrepancy between δ15Norg and δD could be related to changes in seasonality, thus 
suggesting an enhanced seasonality during the earliest PETM in Vasterival. This possibility 
is supported by the increase in Pediastrum spp. and in fAOM, indicative of algal blooms, 
which are generally associated with strong seasonal nutrient inputs (Tyson, 1995; Batten, 
1996; Sarmaja-Korjonen et al., 2006).  
In the Paris Basin, palynological data (Cavagnetto, 2000) and the presence of calcrete 
(Bignot, 1984; Thiry et al., 2006) point to an alternation of dry and wet seasons during the 
earliest Eocene. Thus, it is likely that the southern part of the Dieppe-Hampshire Basin, 
which is only a few tens of kilometers away from the Paris Basin, underwent similar climatic 
changes. 
An increasing seasonality is also well documented in northern Spain, in western Colorado 
and in New Jersey where higher rates of erosion point to a stronger weathering of the 
bedrock (Schmitz and Pujalte, 2003, 2007; John et al., 2012; Foreman et al., 2012), and in 
the Bighorn Basin where paleosols record evidence of alternating dry/wet cycles (Wing et al., 
2005; Retallack, 2005; Kraus and Riggins, 2007). It thus seems that several mid-latitude 
sites were characterized by a stronger seasonality during the PETM. 
6. Conclusions 
Several conclusions can be drawn from this work on the organic record of Paleocene-
Eocene boundary terrestrial/lagoonal sediments at Vasterival (Upper-Normandy, France). 
1. Carbon-isotope ratios of vascular plant biomarkers show a CIE extending to the lagoonal 
SAOM Member, thicker than the one inferred from the bulk OM δ13C. This difference is 
explained by the mixing of OM from different sources, which may be the cause of the zigzag 
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shape of several sections in Northwestern Europe where successions of terrestrial and 
lagoonal deposits are also observed. 
2. Palynofacies observations reveal a change in the environment concomitant with the onset 
of the CIE: the closed marsh environment of the latest Paleocene being replaced by an open 
eutrophic swamp characterized by algal blooms during the earliest Eocene. This swamp was 
then progressively drowned by the marine transgression. 
3. Hydrogen-isotope ratios of vascular plant biomarkers reveal that the latest Paleocene was 
subjected to  major climatic fluctuations, such as a dry phase that occurred just prior to the 
CIE onset. This episode recorded in other sections around the world suggests that a global 
climatic change occurred just before the PETM, which may indicate that a strong volcanic 
episode is involved in a series of events that led to the triggering of the PETM.  
4. The comparison of the hydrogen isotope data to that of the nitrogen isotope of organic 
matter reveals that the Cap d’Ailly area underwent moister conditions along with a stronger 
seasonality during the lowermost PETM. 
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Figure 1: Location of Vasterival and Cap d’Ailly Area (Dupuis et al., 1998, modified). 
 
Figure 2 : Lithostratigraphy and paleoenvironments of the composite section of the ―Côte 
d’Albâtre‖ (Cap d’Ailly, Dieppe and Criel sections) that encompasses the uppermost 
Paleocene and the lowermost Eocene. K*: Late Cretaceous; SAAC: "Sables et Argiles à 
Annélides de Caude-Côte"; SP: Sparnacian; SAOM: "Sables et Argiles à Ostracodes et 
Mollusques"; CRA: ―Craquelins‖; NP: Nannofossil Zones ; terr.: terrestrial (modified after 
Magioncalda et al., 2001; Aubry et al., 2005 and Storme et al., 2012b). 
 
Figure 3: Vasterival section lithological log, sampling, bulk δ13Corg curve, interval of 
Apectodinium occurrence and interval of Apectodinium acme. CIE= Carbon Isotope 
Excursion (Storme et al., 2012b, modified) 
 
Figure 4: Palynofacies main categories: (A) gelified amorphous organic matter (gAOM), 
gelified phytoclast (GP) and pollen (P); (B) fluorescent organic matter under UV; (C) area of 
diffuse amorphous organic matter (dAOM), gelified phytoclast (GP) and pyrite framboids (py); 
(D) large flakes of gelified organic matter and gelified phytoclasts; (E) a dinoflagellate cyst of 
Apectodinium homomorphum under UV; (F) a Pediastrum algae under UV  
 
Figure 5: Vasterival samples plotted in a HI (Hydrogen Index) / OI (Oxygen Index) diagram. 
Type I: lacustrine; Type II: marine; Type III: continental 
 
Figure 6 : Vasterival relative abundances of gelified AOM, gelified phytoclasts, Fluorescent 
AOM, diffuse AOM, Botryococcus spp., Pediastrum spp., spore and pollen grains, and 
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dinoflagellate cysts (this work) in comparison with lithology (same legend as in Fig. 3) and 
bulk δ13Corg curve (Storme et al., 2012b) 
 
Figure 7: Stratigraphic variability of the n-alkane Carbon Preference Index (CPI; Bray and 
Evans, 1961), n-alkane aquatic/terrestrial plant ratio (Paq; Ficken et al., 2000), relative 
concentrations of C27, C29 and C31 n-alkanes (this work), in comparison with lithology (same 
legend as in Fig. 3) and bulk δ13C curve (Storme et al., 2012b)  in the Vasterival section. 
 
Figure 8: n-alkane δ13C and n-alkane and onocerane I δD (this work) in comparison with 
lithology (same legend as in Fig. 3) and bulk δ13Corg curve (Storme et al., 2012b) in the 
Vasterival section. The error bars in the n-alkane isotopic records correspond to the standard 
deviation based on duplicate (δ13C) and triplicate (δD) analyses. 
 
Figure 9: C27 n-alkane δ
13C and δD; relative abundances of Fluorescent AOM, Pediastrum 
spp. and dinoflagellate cysts (this work), in comparison with lithology (same legend as in Fig. 
3), δ15Norg evolution (Storme et al., 2012b) and paleoenvironments in the Vasterival section. 
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